Mammography is the primary imaging tool for screening and diagnosis of human breast cancers, but ∼10-20% of palpable tumors are not detectable on mammograms and only about 40% of biopsied lesions are malignant. Here we report a high-resolution, low-dose phase contrast X-ray tomographic method for 3D diagnosis of human breast cancers. By combining phase contrast X-ray imaging with an image reconstruction method known as equally sloped tomography, we imaged a human breast in three dimensions and identified a malignant cancer with a pixel size of 92 μm and a radiation dose less than that of dual-view mammography. According to a blind evaluation by five independent radiologists, our method can reduce the radiation dose and acquisition time by ∼74% relative to conventional phase contrast X-ray tomography, while maintaining high image resolution and image contrast. These results demonstrate that high-resolution 3D diagnostic imaging of human breast cancers can, in principle, be performed at clinical compatible doses.
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radiation dose reduction | iterative algorithm | analyzer based imaging M ammography is a widely used imaging technique for early detection of human breast cancers. Although more advanced technologies such as digital mammography have been developed to improve its image quality (1) , there are three potential risks associated with mammography. First, mammograms miss up to 20% of breast cancers that are present during the time of screening (2) . Second, in some cases mammograms appear abnormal, but no breast cancers are actually present (3) . Third, repeated mammography examinations have the potential of causing cancers (4) . Dedicated breast computed tomography (CT) can reduce some of these risks, but its spatial resolution (∼400 μm) is mainly limited by the X-ray dose deliverable to the radiationsensitive human breast and its detection of microcalcifications is inferior to mammography (5) . Furthermore, some tumors are not visible in CT because its image contrast is based on the X-ray absorption coefficient and is intrinsically low between tumors and normal tissues. A very promising approach to significantly improve the image resolution, image contrast and detectability is the use of phase contrast x-ray tomography (PCT) (6-8) (Materials and Methods). Compared with absorption-based CT, PCT is sensitive to the refraction (i.e., "phase shift") of X-rays in matter. In soft tissues, phase variations can be two to three orders of magnitude larger than the absorption ones (9) , and thus an increased image contrast can be achieved. Over the past few decades, phase contrast X-ray imaging has been under rapid development and various X-ray phase contrast methods have been implemented, including X-ray interferometry (6, 7), analyzer-based (or diffraction-enhanced) imaging (10, 11) , propagation-based imaging (12, 13) , grating-based imaging (14, 15) , and grating noninterferometric methods (16) . A large number of X-ray phase contrast imaging results has been reported on both technical developments and biomedical applications (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In vitro and in vivo biomedical studies have focused on demonstrating high diagnostic significance of PCI images in a wide range of pathologies related to breast (8) , joint and cartilage (17) , lung (18) , and central nervous system (19) . Clinical trials have also been performed in PCI mammography (20) . Furthermore, the development of advanced optics for the use of 50-80 keV (instead of 15-30 keV) X-rays has dramatically increased the sample size under study in PCT (8, 17) . However, presently two of the major challenges prevent PCT from becoming an in vivo imaging tool for clinical application. First, to achieve high resolutions (i.e., tens of microns) for accurate diagnosis, PCT requires several thousands of projections from a whole human breast. The total radiation dose delivered to the breast is thus higher than that in dual-view mammography. Second, PCT uses sophisticated X-ray optics and the acquisition time for several thousands of projections is usually too long for clinical application.
In this article, we demonstrate a high-resolution, high-contrast, and low-dose PCT method for 3D imaging of a whole human breast sample with an invasive ductal cancer. We chose an invasive ductal carcinoma in this study because it is the most frequent breast cancer entity (>70% of all breast malignancies). By combining PCT with a data acquisition and reconstruction method, termed equally sloped tomography (EST, Materials and Methods) (21-25), we imaged a human breast cancer sample in three dimensions with a pixel size of 92 μm. Compared with the conventional PCT method, our approach enables reduction of the radiation dose and acquisition time by ∼74% without compromising the resolution, image contrast and image quality. Thus, this work represents an important experimental step toward clinical application of PCT for 3D diagnostic imaging of human breast cancers.
The experiment was conducted on the biomedical beamline at the European Synchrotron Radiation Facility (ESRF) (26) . The sample was a human breast mastectomy specimen (∼9.5 cm in diameter) issued from a 75-y-old woman with an invasive ductal cancer and fixed in 4% formalin. The study was conducted in accordance with the Declaration of Helsinki and was approved by the local ethics committee. A monochromatic and collimated Xray beam with energy of 60 keV was used to image the breast cancer sample (Fig. 1) . The use of 60-keV X-rays was to reduce the radiation dose to the sample and allowed for the imaging of thick tissues. The refracted and scattered X-rays by the sample were analyzed by a perfect silicon crystal. The analyzer acts as an extremely narrow slit which selects X-rays exiting the sample with Author contributions: P.C., J.M., and A.B. designed research; Y.Z., E.B., P.C., A.S., P.C.D., A.M., S.G., J.M., and A.B. performed research; Y.Z., E.B., Z.H., A.S., P.C.D., S.L., and J.M. analyzed data; and Y.Z., E.B., P.C., J.M., and A.B. wrote the paper. extremely high sensitivity (∼10 −6 radian). A fast readout and low noise charge coupled device (CCD) camera with 2,048 × 2,048 pixels was mounted after the analyzer (27) . The effective pixel size of the CCD after a 2 × 2 binning was 92 × 92 μm 2 , which sets the spatial resolution of the imaging technique.
To achieve high spatial resolution in conventional PCT, the number of projections (N) required is determined by N ∼ πD/(2P), where D is the thickness of the sample and P the detector pixel size. In this experiment, 2,000 projections were measured from the whole breast cancer sample. Although the acquired projections are a mixture of the X-ray absorption, refraction, and scatter effects, the application of CT reconstruction methods remains valid due to the small refraction angle approximation for soft tissues (28) . The 3D structure of the breast cancer sample was reconstructed with the EST method, which iterates back and forth between real and Fourier space by using the pseudopolar fast Fourier transform (Fig. 2 , Materials and Methods, and Fig. S1 ) (21) (22) (23) (24) (25) . In each iteration, physical constraints including the sample boundary and the positivity of the sample structure are enforced in real space, whereas the Fourier transform of the measured projections are imposed in Fourier space. The algorithm, monitored by an error metric, is guided toward a solution that is consistent with the measured data. To prevent any human intervention, the algorithm is automatically terminated when no further improvement can be made. Compared with coherent diffraction imaging in which an iterative algorithm is used to retrieve the phase information from oversampled diffraction intensities (29) , EST uses an iterative algorithm to reconstruct a best-possible image that is consistent with the Fourier transform of the measured projections as well as the physical constraints in real space (21) (22) (23) (24) (25) . After the iteration process was finished, a nonlocal means technique was applied to the reconstructed image (30) . This technique has proven to be effective in removing noise while preserving edge contrast. In our case, the nonlocal means filter was carefully selected to partially eliminate noise but not fine structures.
Results

Image Quality Comparison Between the Conventional PCT and EST
Reconstructions. We performed a conventional PCT reconstruction of the whole breast cancer sample from 2,000 projections using the gold-standard filtered back projection (FBP) with a Hamming filter (31). The same volume was computed with an EST reconstruction using 512 of the 2,000 projections. For a comparison purpose, a FBP reconstruction was also computed with 512 projections. To explore the limit of the EST method and investigate the possibility of further reducing the radiation dose and the acquisition time, we also performed an EST reconstruction with only 200 projections. Fig. 3 A-E and Fig. S2 show three sagittal and axial slices of the FBP 2000, EST 512, FBP 512, and EST 200 reconstructions. A zoomed view of the breast tumor region is shown in Fig. 3 B-E and Fig. S2 E-H. Visually, the EST 512 reconstruction looks very consistent with FBP 2000, whereas FBP 512 exhibits high noise, degraded features (arrows), and blurred boundary of the tumor.
For each of the four reconstructions (FBP 2000, EST 512, FBP 512, and EST 200), two sets of images (an axial slice and a sagittal slice) were selected and blindly examined by five experienced radiologists. The different tumor borders, skin layers, fatty tissues, and collagen strands were easily identified by the radiologists. To make the evaluation quantitative, five criteria were adopted by the radiologists based on current clinical image evaluation systems (32) . The criteria include (i) overall image quality, (ii) image sharpness, (iii) image contrast (iv) evaluation of different structure, and (v) noise level. They were evaluated in a range from 1 to 5 (1 being the worst and 5 the best). Table 1 summarizes the results of the blind evaluation, suggesting that EST 512 even slightly outperforms FBP 2000 in all five categories. Furthermore, the EST 200 reconstruction is not only superior to FBP 512, but also shows an image quality with fine structures that is still clinically acceptable. Fig. 1 . Schematic diagram of the phase contrast X-ray imaging set-up. A collimated X-ray beam with energy of 60 keV was monochromatized by a double Si (111) crystal system and an additional single Si (333) crystal. The breast cancer sample was mounted on a rotary stage and positioned in the X-ray beam. The refracted and scattered X-rays by the sample were analyzed by a Si (333) analyzer crystal. The analyzer crystal was rotated according to the incoming X-ray beam and set at an angle close to the Bragg diffraction condition. After each rotation, the sample was vertically displaced relative to the X-ray beam, allowing a different region to be imaged. A fast-readout and low-noise charge-coupled device (CCD) camera with 2,048 × 2,048 pixels was used to measure the phase contrast X-ray images. A reformatted 92-μm-thick sagittal slice (which was used for the evaluation) and an axial slice from the EST 512 reconstruction are shown in Fig. 4 . The fine details of the tumor, collagen strands, glandular tissue, and fat are clearly resolved. Fig. 4 B and D shows a zoomed view of the tumor region, in which the border of the tumor is distinctly visible and exhibits sharp edges. The partially discreet spiculations are a sign of malignancy in mammography. The tissue segmentation on the EST 512 reconstruction has been performed using a segmentation method based on 3D markercontrolled viscous watershed transform (33) . This method is well adapted for the intrinsic nature of the PCT images, which are characterized by a strong signal at the borders of each feature. Fig. 5A shows the segmented tumor in an axial slice, in which the yellow contour line indicates the tumor boundary. Three perpendicular slices of the segmentation are shown in Fig. 5B , and the whole 3D volume renderings are displayed in Fig. 5C and Movie S1. The 3D segmented tumor (in red) and its surrounding tissues such as skin, lobules, and lactiferous duct are clearly visible, and the total volume of the elongated tumor was estimated to be ∼2.7 cm 3 . These results, along with the radiologists' evaluation, demonstrate that the EST method not only significantly reduces the number of projections relative to the standard FBP method, but also preserves the high resolution and sensitivity of PCT in discriminating the fine 3D structures and morphology of the tumor and soft tissues. To further quantify the EST and FBP reconstructions under the same condition, we applied a nonlocal means filter to both the EST 512 and FBP 512 reconstructions. Fig. S3 shows a 92-μm-thick sagittal slice and the zoomed view of the tumor region, suggesting that the improvement of the image resolution and contrast is mainly due to the EST method.
Radiation Dose Estimation in the Conventional PCT and EST
Reconstructions. The radiation dose for the FBP 2000 and EST 512 reconstructions was estimated based on the measurement using an ionization chamber installed on the biomedical beamline. The Mean Glandular Dose (MGD), calculated by Monte Carlo simulations (34) , is 7.7 ± 0.1 mGy for the FBP 2000 reconstruction and 2.0 ± 0.1 mGy for the EST 512 reconstruction, suggesting that EST allows for a radiation dose reduction of ∼74% relative to the conventional FBP reconstruction. Furthermore, according to the US Food and Drug Administration (FDA), the MGD of the US dual-view screening mammography system was estimated to be ∼3.0-3.52 mGy (35) . Therefore, the combination of EST and PCT cannot only provide high-resolution and high-contrast 3D diagnosis of human breast cancers, but also requires radiation doses less than that in dual-view screening mammography. According to the blind evaluation by five radiologists, although the overall image quality is lower than that of EST 512 and FBP 2000, EST 200 still outperforms FBP 512, and the 3D breast tumor structure remains visible. The total radiation dose in EST 200 is reduced to 0.8 ± 0.1 mGy, which is about four times lower than that in dual-view screening mammography. overall image quality, image sharpness, image contrast, evaluation of different structure, and noise level, where "5" means the best and "1" the worst. A Hamming filter was used in the FBP reconstructions, whereas a nonlocal means filter was applied to the EST reconstructions. 
Discussion and Conclusion
Compared with the conventional FBP based PCT method, the EST approach uses an iterative process to search for the missing information from a limited number of projections, while keeping the reconstruction consistent with the experimental data and physical constraints. Furthermore, the EST method implemented in this study requires no interpolation in Fourier space, and is automatically terminated when a solution is reached. Because of the use of a fast Fourier transform in the iterative process, the computational time for a 2,048 × 2,048 pixel slice with 21 EST iterations is about 1.4 min on a 2.66 GHz Intel Nehalem computer with 4 GB of RAM. By combining this general reconstruction method with PCT, we not only achieved high-contrast 3D imaging of a human breast cancer sample with a pixel size of 92 μm, but also reduced the radiation dose by ∼74% relative to the standard PCT method. As importantly, the significant reduction of the number of projections also implies that the acquisition time can in principle be improved by a factor of ∼74% (i.e., reduced from 25.1 to 6.6 min), which is another critical factor in pursuing in vivo imaging and clinical application of PCT. Furthermore, if a slightly higher noise level is tolerable, the EST method may be applied to the screening and diagnosis of human breast cancers with an even lower radiation dose (∼0.8 ± 0.1 mGy) and a faster acquisition time (∼2.5 min).
In conclusion, we have demonstrated that, compared with current clinical mammography, the EST based PCT method cannot only provide the 3D information of soft tissues and tumors at higher resolution and better contrast, but also deliver less radiation doses to the sample. An important step toward the clinical implementation of this method is the requirement of compact Xray sources that enable to deliver quasi monochromatic X-rays with flux densities between those available at the large scale synchrotron radiation and at the clinical X-ray generators. Fortunately, such compact X-ray sources are currently under rapid development worldwide, including compact synchrotron radiation (36, 37) , tabletop high harmonic generation (38) , Compton backscattering systems (39) , and liquid-metal-jet-anode microfocus sources (40) . Finally, although we used a human breast cancer sample as proof of principle in this study, this method can in principle be applied to other medical tomography fields where high resolution, high contrast, low radiation doses and fast data acquisition are crucially needed.
Materials and Methods
Phase Contrast Imaging Technique. The behavior of X-rays as they travel through an object can be described in terms of a complex index of refraction, of which the real part (δ) represents the phase shift (refraction) and the imaginary part (β) represents X-ray absorption by the object. In conventional radiography, the image contrast is generated by X-ray absorption that arises from the difference of the density and the change in the sample thickness and composition. The variation of the linear attenuation coefficients for biological soft tissues is typically on the order of 0.1-0.3 cm −1 in the X-ray energy range of 10-60 keV (41) , which is commonly used in radiology. As a result, the image contrast based on X-ray absorption may not be sufficiently high enough to image the normal and diseased tissues in a sample. Compared with X-ray absorption, the phase shift in the hard X-ray energy range is two to three orders of magnitude higher (10) . Therefore, radiographic techniques that are sensitive to the variation of the phase shift can significantly enhance the image contrast relative to the X-ray absorption based techniques. In this experiment, a collimated X-ray beam with energy of 60 keV was monochromatized by a double Si (111) crystal system and an additional single Si (333) crystal (Fig. 1) . The breast cancer sample was mounted on a rotary stage and placed in the X-ray beam. The refracted and scattered X-rays by the sample were analyzed by a Si (333) analyzer crystal. The analyzer crystal was rotated according to the incoming X-ray beam and set at an angle close to the Bragg diffraction condition. After each rotation, the sample was vertically displaced relative to the X-ray beam, allowing a different region to be imaged. A 60-μm-thick Gadox fluorescent screen was used to convert the X-rays into visible light and was then recorded by the 2,048 × 2,048 pixel CCD camera (27) . The images were taken with a 2 × 2 binning to have a 92 μm pixel size for a total acquisition time of ∼25.1 min.
The image contrast of this experimental set-up is determined by the rocking curve of the analyzer crystal. The analyzer modulates the beam by converting the small angular change of the X-ray propagation to the intensity variation on the detector. Depending on the position of the analyzer crystal, the image contrast varies because the Bragg condition is fulfilled by the refracted and scattered X-rays at different angles from the sample. In this study, we set the position of the analyzer about 40% to the left of the rocking curve peak.
Iterative EST Algorithm. Unlike conventional CT reconstruction methods, EST uses a pseudopolar grid and the pseudopolar fast Fourier transform (PPFFT) (42) . "equally sloped" because the slope of each successive line changes by an equal slope increment as opposed to a fixed equal angular increment in the polar grid. The pseudopolar grid is related to its corresponding Cartesian grid by the PPFFT. To use this special geometry for tomographic reconstructions, the algorithm starts with padding each projection with zeros and calculating its oversampled Fourier slice in the pseudopolar grid (red lines in Fig. 2 Upper Right). The oversampling concept (i.e., sampling the Fourier slice at a frequency finer than the Nyquist interval) has been widely used to solve the phase problem in coherent diffraction imaging (29, 43) . In the EST method, oversampling does not provide extra information about the object, but allows the use of iterative algorithms to retrieve the missing data from the measured projections and physical constraints. The grid points outside the resolution circle (the circle with dashed lines in Fig. 2 ) and on the missing projections (black lines in Fig. 2 Upper Right) are set to zero. The algorithm iterates back and forth between real and Fourier space by the following steps (21-25):
i)A real-space image is obtained (Fig. 2 Lower Right) by applying the adjoint PPFFT to the Fourier-space slices. Here the adjoint PPFFT instead of the inverse PPFFT is used because the former is implemented by avoiding the conjugate gradient method and can be computed faster than the latter without compromising the accuracy (24) . ii) A support is determined from the image based on the zero padding of the projections. Outside the support the voxel values are set to zero, and inside the support the negative values are set to zero. A new image is obtained (Fig. 2 Lower Left). iii) By applying the PPFFT to the new image, an updated set of Fourier-space slices is obtained (Fig. 2 Upper Left). iv) Those Fourier slices corresponding to red lines in Fig. 2 are replaced with the measured ones, whereas the grid points outside the resolution circle and on the missing Fourier slices (i.e., black lines) remained unchanged. The revised set of the Fourier slices is used for the next iteration. v) An error metric is calculated to monitor the convergence of the algorithm, defined as normalized difference between the measured and calculated Fourier slices.
In this experiment, the algorithm was automatically terminated when the error became stabilized after about 20 iterations.
